Purpose: The purpose of the study was to compare the safety and efficacy of autologous mesenchymal stem cells (MSCs) embedded in a xenogenic scaffold for repairing the supraspinatus tendon.
Background
The shoulder is the most mobile joint in the body, providing multiple degrees of motion. Shoulder biomechanics are based on the interaction of multiple structures perfectly adjusted to provide its function. Particularly, the rotator cuff, an anatomical term defining a set of muscles and tendons, is responsible for shoulder stabilization, centring of the humeral head in place and mobility and participating in the abduction and external rotation movements that lift and rotate the humerus [36] . Defects or lesions in this structure can cause considerable tissue damage including cuff tendon ruptures, pain associated with shoulder motion, edema, inflammation and disability.
Rotator cuff tear is a common shoulder disease increasing with age and previous trauma. Its prevalence ranges between 4% in asymptomatic patients below 40 years and 54% in patients over 60 years of age [9] . Tears are the consequence of trauma or they develop gradually due to mechanical and/or inflammatory processes. They cause pain, shoulder weakness and upper extremity disability. Medical management of these symptoms includes the use of conservative treatments with nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroid injections and physiotherapy [21] .
Despite the improvement in surgical techniques, tendon function is often unrecoverable. Currently there is no clear evidence supporting or refuting the efficacy of current surgical interventions for rotator cuff tears [15] . In fact, outcomes vary tremendously, with failure rates as high as 25%, 35% and even 90% depending on the tear size and follow-up time [1, 7, 17, 22, 23, 38] . These disappointing outcomes highlight the need for alternative therapeutic approaches allowing better restoration of tendon functionality after injury.
Tendons are capable of self-regeneration but this capability is limited when the defects to be repaired are extensive. In addition, repair challenges are highly influenced by mechanical loads on this anatomical structure, and often, by degeneration in a tendon at the time of surgery. The goal of treatment, particularly in the context of regenerative medicine, has focused on augmenting suture fixation with several biologic collagen-rich scaffolds such as human dermal allografts [2] , crosslinked acellular porcine patches [12] , and other bioengineered commercial extracellular matrix materials [14] . These grafts increase the suture strength and provide a similar biochemical composition to that of the tendon; however, they fail to improve rotator cuff tendon healing or its biomechanical functions. This failure has been attributed to differences in elasticity between grafts and native tendons.
Other strategies carried out using growth factors, plasma rich in growth factors or fibrin clots promote tissue regeneration but they do not provide clear biomechanical benefits when compared to untreated controls [29] .
Autologous tissue-specific cells are the gold standard for cell therapies to overcome the limited capacity for self-regeneration of tendons, particularly in rotator cuff ruptures; however, isolation of tenocytes in adequate numbers is difficult, due to their highly dense tendon extracellular matrix (ECM). Other cell sources are necessary for tendon repair and mesenchymal stem cells (MSCs) have been proposed as the best source [26, 28, 30] . MSCs have multipotent differentiation in cells of mesenchymal lineage and with their observed reparative effects in many clinical and preclinical models, suggesting they are crucial in injury healing as well as modulating the immune response [11, 32] . Clinical application of MSCs in animal models of tendon healing has also been subject of research by our group and others, reporting the benefits of MSCs in relation to the biomechanical and histological properties of tendons [5, 31, 34] .
However, despite the apparent advantages of MSCs in animal models of tendon repair, there are only preliminary results reported in humans [19] . Therefore, the aim of this study was to assess the ability of MSCs to repair rotator cuff tendon injuries in humans, to enhance shoulder function and the patient's perception of improvement. For this purpose, we conducted a controlled and randomized trial combining, or not, autologous MSCs augmented with a commercially available xenogeneic ECM of type I collagen.
Methods

Study design and patients
This was a one-year prospective, randomized, doubleblind and placebo-controlled trial of patients from a single center with confirmed full-thickness rotator cuff tears. We included 32 eligible patients (48-66 years old) in the initial design of the study. Patients were enrolled consecutively (from January 2011 to November 2012) after simple randomization of subjects to each treatment group. Random assignment was performed using Microsoft Excel randomization functions. Inclusion criteria were established by the orthopedic surgeons involved in the study. These criteria were patients with unilateral shoulder pain and positive magnetic resonance imaging (MRI) diagnosis of full-thickness rotator cuff tear, and patients had to have been refractory to conventional medical treatment and/or rehabilitation for at least 3 months. All patients enrolled gave their written informed consent and the study was approved following the guidelines of the institutional ethics committee (Comité Ético de Investigación Clínica Hospital Clínico San Carlos-Madrid).
The exclusion criteria were rheumatic disease, glenohumeral osteoarthritis, fractures, diabetes mellitus, infections or tumors. The treatment group was composed of patients treated with 20.10 6 autologous bone marrow (BM)-MSCs in combination with a type I collagen membrane (OrthADAPT™). The control group was composed of patients treated only with type I collagen membrane.
Outcome measures
Functional results were assessed by the Constant score and classified according to the Walch and Marechal Constant Index classification [10] . The structural integrity of the repaired tendon was evaluated by MRI and classified according to the Patte and Thomazeau criteria.
Patients' perceptions of pain were measured using a visual analogue scale (VAS), ranging from 0 to 10. The study was registered at the European Union Drug Regulating Authorities (Eudra-CT, 2007-007630- 19) and was in accordance with ethical standards for research on human subjects.
Bone marrow collection and MSC isolation
Bone marrow was aseptically drawn under local anesthesia from the right posterior superior iliac spine and immediately anticoagulated by heparin. The collected BM (50 ml) was processed according to Good Manufacturing Practice (GMP) guidelines in a facility at the Hospital Gregorio Marañón (Madrid, Spain). The BM-MSCs isolated from BM aspirates were expanded during a 2-week period, to obtain 20.10 6 cells. On the day of the surgical procedure the autologous BM-MSCs were suspended in 1 ml of normal saline solution and transported to the operating room. For individuals included in the control group, the procedure was similar, but in this case the cell suspension was replaced by saline, thus ensuring that surgeons were blinded to the study allocation.
Surgical technique
Every patient underwent a surgical procedure following conventional, open, rotator cuff repair. Briefly, following interscalene block and induction of general anesthesia, surgery was performed in the beach-chair position. An anterosuperior approach was used to reach the torn cuff.
Initial surgical procedures included acromioplasty, acromioclavicular ligament resection, bursectomy and cuff debridement. Cuff edges were mobilized and the greater tuberosity footprint was repeatedly polished until bleeding. The tendon-to-bone attachment was achieved using suture anchors (Healix, Mitek®) charged with Orthocord suture (Mitek®) and the same suture was used for any side-to-side repair needed. Once the primary repair was finished, augmentation was performed using an OrthADAPT™ bioimplant (Synovis Orthopedic & Woundcare, Inc. Irvine, CA, USA). During surgery, a 4 × 5 cm OrthADAPT™ Bioimplant was incubated for 10 min with 1 ml of saline (control) or 1 ml of suspended MSCs (treatment group) to allow cell attachment to the bioimplant. This procedure was performed without the surgeon's knowledge of the group to which the patient belonged. The implant was then cut to the required size for the lesion augmentation. The bioimplant (either with or without BM-MSCs) was always sutured in the same fashion, facing the tendon over the repaired cuff. It was initially fixed to bone with the same sutures from the anchors used in the native cuff and then it was tensioned circumferentially around the surgical repair with 3/0 nonabsorbable sutures. Wound closure was performed in the usual way by anterior deltoid fascia re-attachment to the acromion. Drains were not used. The shoulder was immobilized postoperatively with an abduction sling.
Functional evaluation
The Constant score was applied for the injured and contralateral shoulder. Scoring items were allocated into two blocks, a subjective one, including three items (pain with a maximum score of 15, level of functional activity and hand positioning with maximum 10 points each) and an objective one, which scores different items for range of motion from 0 to 10 and muscle strength with a maximum of 25 points measured in kilograms with a portable dynamometer (Basic Force Gauge; BFG, Mecmesin). Strength testing was performed in static lateral elevation of 90°for 5 s (average of 3 attempts × 2). The results were classified according to Walch and Marechal classification criteria [37] , as excellent (Constant Index 80 points or more), good (CI between 65 and 79), average (CI between 50 and 64) and poor (CI below 50). The primary study end point was an improvement in the Constant score by 20 points at one year compared to initial assessment. The 20 points of improvement were considered significant taking into account that activities of daily living as a whole had a maximum score of 20 points.
Magnetic resonance imaging assessments
MRI evaluations were obtained preoperatively and postoperatively at 12 months. Images were reviewed independently by two experienced radiologists. These experts completed full classification of supraspinatus muscle atrophy according to the Thomazeau classification [33] and of tendon retraction according to Patte's score [27] . Thus, patients were assigned to 3 different atrophy stages depending on the occupation ratio R defined as the ratio S1/S2 where S1 is the surface of the supraspinatus muscle and S2 is the surface of the entire supraspinatus fossa, measured on the scapular cut at the level of the medial border of the spine of the scapula. Thomazeau stages were established as stage 1, normal/slight atrophy, R = 1.00-0.60; stage 2, moderate atrophy, R = 0.60-0.40 and stage 3, severe atrophy, R < 0.40.
Patte's score defines 3e stages of cuff tear retraction in the frontal plane as follows: stage 1: proximal stump close to the enthesis, or bony insertion; stage 2: proximal stump at the level of the humeral head; stage 3: proximal stump at the glenoid level.
Statistical analyses
A required sample size of 32 subjects, 16 in each arm, was estimated, to detect differences between the two groups of at least 20 points in the means for the Constant score, with 80% power and 5% level of significance. Statistical analyses of preoperative and postoperative clinical outcome measures were evaluated by use of a non-parametric test (Mann-Whitney) using the GraphPad Prism 6 software (GraphPad Software, Inc. La Jolla, USA).
Results
Postoperative complications were observed in four patients and, taking into account ethical issues, we decided to finish the study prematurely (Fig. 1) . Thus, of the expected 32 patients only 13 patients completed the study. The baseline characteristics of the patients are shown in Table 1 . Although only 13 patients were included, there was a statistically significant improvement in the Constant score in the treatment group, (p = 0.0073) ( Table 2) .
Re-rupture occurred in 3/5 patients (60%) in the control group and in 5/8 (62.5%) in the treatment group. Therefore, the rotator cuff healed in 2/5 shoulder joints (40%) in the control group compared with 3/8 shoulder joints (38%) in the MSC group.
Although the functional score was higher in the MSC-treated group, indicating a possible therapeutic advantage in the use of MSCs, the recurrence of tendon rupture and the occurrence of adverse events in 4/13 patients enrolled, forced us to prematurely terminate Fig. 1 Flow chart of the patients who participated in the clinical trial. Pain and functional scores were evaluated and magnetic resonance imaging (MRI) was performed preoperatively and after one year follow up. BM-MSCs, bone marrow mesenchymal stem cells the study and to evaluate the causes of these undesirable complications.
Three patients in the treatment group (23%) had postoperative complications compared to one patient in the control group (8%). The type of lesions present included the formation of supraclavicular cysts and development of subacromial inflammatory tissue ( Fig. 2a and b) . The exploration and the external assessment was confirmed by MRI, revealing the tendon re-rupture and fluid accumulation in the subdeltoid bursa area. Immunopathological response consisted of chronic synovitis and granulomatous lesions. In all cases, severe inflammatory response was characterized by a foreign-body-like reaction, including necrobiotic granulomas (Fig. 2c) . Microbiological tests were negative in all cases.
The four patients with adverse events had tendon rerupture. Three patients also had supraclavicular ganglions. These events were detected in three patients at the last visit (one year) and in one patient between the second (3 months) and the last visit. We decided to stop the study at the time that the third adverse event was detected. All adverse events were resolved satisfactorily after surgery, with open surgery in three patients and arthroscopic surgery in one patient. No specific clinical or demographic characteristics were observed in these patients compared with the other nine patients included ( Table 2) .
Discussion
There are few reports on the therapeutic use of MSCs in shoulder surgery, both in animal and human studies [3] . Although the implantation of autologous MSCs has yielded modestly satisfactory results in the repair of musculoskeletal structures such as cartilage, bone, muscle and tendon in different animal models [5, 16, 31] , the application of MSCs alone does not seem to be sufficient to improve the healing of repaired tendons, necessitating the use of scaffolds for augmentation, that is to provide resistance and maintain strength against anatomic forces in a particular histologic environment while the repair process matures. The application of MSCs for tendon repair in humans is still in the experimental phase. Several issues, such as the number and mode of MSC delivery into the surgical site and the appropriate combination of MSCs, growth factors and cytokines able to modulate the healing and/or tendon regeneration are, however, promising [6] . Moreover, the studies carried out on animal models using the OrthADAPT™ Bioimplant combined with MSCs also support the safety and efficacy of this strategy, encouraging their application in humans [34] .
In recent work including 14 patients with complete rotator cuff tears, an improvement of about 19 points in the UCLA score was reported one year postoperatively when directly applying bone marrow mononuclear cells (BMMCs) in combination with a conventional repair technique [16] . Furthermore, in another study including 46 patients with patellar tendinopathy, the injection of autologous skin-derived tendon-like cells led to an improvement of around 31 points in the VISA questionnaire score after 6 months of treatment [8] . So far, there have been no clinical studies on rotator cuff repair using autologous MSCs isolated from bone marrow aspirates. Therefore, our work can be considered the first to report this approach. In the present study, the established functional outcome was only reached in the group of patients treated with MSCs; however, there were no differences between the control and the MSC-treated group in the structural results, either in the re-tear rate or in the integrity of the repair after MRI examination. Similarly, in both groups, initial muscle atrophy and tendon retraction was maintained or continued to worsen.
Taking together, these findings suggest that improvement in the clinical outcome did not correlate with improvement in tendon healing, and this can be partially explained by the characteristics of the patients included in the study. Different factors such as the age of the patient, large tear size, initial tendon retraction, initial muscle atrophy and the severity of preoperative fatty degeneration in the rotator cuff have been shown to determine the clinical outcome and integrity of the rotator cuff repair [4, 13] .
Nevertheless, undesirable outcomes in some patients after the intervention limited our study, forcing its premature termination, and making it difficult to make conclusions with certainty, about the effectiveness of MSC treatment. Complications occurred in both study groups, suggesting that adverse effects are not caused by autologous MSCs but by the scaffold. OrthADAPT™ has characteristics close to those of an ideal scaffold for tendon engineering (the same native extracellular matrix and capability of cell seeding); however, its xenogenic nature, even after purification, decellularization and cross-linking of matrices, could not hide antigenic components and thus its immunologically inert nature could not be granted [25] . Although we can only speculate about the causes of these complications, the biological mechanisms of body response may be greatly influenced by the nature and/or composition of the extracellular matrix. In our study, the adverse effects were likely caused by induction of foreign-body reactions, as previously reported by other investigators in a canine model [35] . Although OrthADAPT™ has been used with favorable results in the reconstruction of ligaments, 191 adverse events reports were received by the Manufacturer and User Facility Device Experience (MAUDE) database (between 2009 and 2011) (Additional file 1). The manufacturer of OrthAdapt (Pegasus Biologics) was acquired by Synovis Life Technologies and the brand disappeared years ago from the market. However, Pegasus technicians founded Harbor MedTech, which continued to apply the same manufacturing technology to equine pericardial membranes marketed under the name of ARCHITECT (http://www.harbormedtech.com/architect/). This membrane is the same as OrthAdapt but its indications are focused on the treatment of skin problems; we have not identified adverse events on the MAUDE database. ARCHITECT is still available on the US market, but the company has not renewed the CE mark since more than a year ago (the CE is a certification mark that indicates conformity with health, safety and environmental protection standards for products sold within the European Economic Area).
In the current study, 61.5% of the implants failed, which shows that technically the use of xenogenic grafts is far more difficult than other treatment options and shows the need to improve techniques, to provide reinforcement of the repair site and adequate host regenerative responses.
It is also necessary to consider that, in general, the reporting of adverse effects in the literature is biased to favor positive results [18] . So, the benefits of the OrthADAPT™ implant as demonstrated in other applications might not be appropriate to its application in rotator cuff tears. In this sense, the anatomical characteristics of the rotator cuff, enclosed in a synovial cavity, could in some way facilitate the development of the observed localized immune reactions. The greater or lesser suitability of a scaffold to a particular treatment has been reflected in other studies showing the success of small intestine submucosa (SIS) augmentation in the repair of the Achilles and infraspinatus tendons, and its failure to repair massive chronic rotator cuff tears [20] . Recently, a prospective study demonstrated the benefits, in terms of better functional outcomes and structural reinforcement, of other xenograft membranes [24] . which highlights the relevance of bioscaffold choice in different musculoskeletal applications.
It is remarkable that most recent innovations in implant technology have made the systems more user-friendly but that no significant advantages of the implant survival are seen in very long periods of follow up. The lengths, diameter, region of implantation and merged or submerged healing were not significant predictors, but both xenogenic and allogenic grafts showed lower survival rates than autogenic graft,s with a HR of 4.74 [39] .
As allogeneic or xenogenic tissue might not be an option for every indication, in order to achieve a less exaggerated immune reaction, preclinical experiments could add valuable information on the refinement of decellularization or processing methods for xenogeneic tissue. Interestingly, both processed human and bovine pericardial patches lead to greater immune cell proliferation [40] . It has been suggested that even decellularized collagen matrix retains some remnant immunogenicity, perhaps in the form of residual highly immunogenic dendritic cells that may be more resistant to the decellularization process. The resultant inflammatory process could lead to foreign-body reaction and massive fibrosis [41] as demonstrated in our case.
Conclusion
In summary, our study showed preliminary inconclusive clinical outcomes in the patients treated with MSCs. Adverse events revealed the need for further approaches using scaffolds of a different nature or perhaps no scaffolds, in the context of small joints. Moreover, there is a need for further controlled studies and additional research on site-specific scaffold behavior, as animal models do not provide all the information needed when undertaking human research. 
